Sorption of the herbicides alachlor, atrazine, dicamba, hexazinone, imazethapyr, metsulfuronmethyl, nicosulfuron, simazine and sulfometuron-methyl was characterized on six Brazilian soils, using the batch equilibration method. In general, weak acid herbicides (dicamba, imazethapyr, metsulfuron-methyl, nicosulfuron and sulfometuron-methyl) were the least sorbed, whereas weak bases such as triazines and nonionic herbicides (alachlor) were the most sorbed. The Kd values found showed a signi®cant correlation with soil organic carbon content (OC) for all herbicides except imazethapyr and nicosulfuron. Koc values showed a smaller variation among soils than Kd. To estimate the leaching potential, Koc and the ground-water ubiquity score (GUS) were used to calculate half-lives (t 1/2 ) that would rank these herbicides as leachers or non-leachers. Comparison of calculated values to published values for t 1/2 demonstrated that sulfonylureas and hexazinone are leachers in all soils, alachlor is transitional, and atrazine, simazine and dicamba are leachers or transitional, depending on soil type. Results discussed in this paper provide background to prioritize herbicides or chemical groups that should be evaluated in ®eld conditions with regard to their leaching potential to ground-water in tropical soils.
Introduction
Herbicides 1 represent 56% of the total dollar value of the pesticide business in Brazil. During 1997, the herbicide business reached 1.2 billion in US dollars value (Sindicato Nacional da InduÂ strria de Defensivos AgrõÂ colas, Brazil, pers. comm. 1998), which represented from 5% to 6% of the world's consumption (ANDEF, 1997) . Many of these herbicides are soil applied, and their soil behaviour impacts on both weed control eciency and fate in environment. Sorption is one of the main processes controlling herbicide movement, and this process has been extensively The objectives of this study were to determine sorption of alachlor, atrazine, dicamba, hexazinone, imazethapyr, nicosulfuron, metsulfuron-methyl, simazine and sulfometuron-methyl on six Brazilian soils, and to estimate their leaching potential using the sorption coecients obtained and published half-lives. The batch equilibration technique was used to determine sorption of the nine herbicides on the six Brazilian soils. The 3 herbicides represent a wide range of properties and chemical groups and are intensively used in agricultural crops of relevant importance in Brazil, such as soyabean, maize, sugarcane, coee, wheat and fruit plantations. Very few studies concerning the behaviour of these herbicides in tropical soils are available in the literature, and the determination of sorption coecients of this range of herbicides in a variety of distinct soil types will provide needed information for their safe and eective use in Brazil.
Materials and methods

Soils
Surface samples (0±20-cm depth) from six Brazilian soils were collected, air-dried and passed through a 2-mm-diameter sieve. Selected properties of soils are given in Table 1 . Soil texture was determined by the hydrometer method (Gee & Bauder, 1986) . Soil pH was measured in a 1:1 (wt:wt) soil:0.01 M CaCl 2 solution mixture. Organic carbon content was determined using a modi®ed Wakley Black method (Nelson & Sommers, 1982) .
Chemicals
Details on the nine herbicides used in this study are listed in Table 2 . Herbicide solutions were prepared in 0.01 M CaCl 2 with the following concentrations (lmol L ±1 ): alachlor (4.46), atrazine (4.65), dicamba (4.55), hexazinone (3.96), imazethapyr (3.45), nicosulfuron (2.53), metsulfuron-methyl (2.73), simazine (4.95) and sulfometuron-methyl (2.76), which corresponded to a concentration of 1.0 lg mL ±1 for all chemicals except alachlor, which was 1.2 lg mL
±1
. Each solution was spiked with the radiolabelled chemical, at the solution radioactivity levels listed in Table 2 .
Sorption determination
Triplicate 10-mL aliquots of each herbicide solution were added to 10 g of soil in 50-mL centrifuge tubes. Tubes were capped with a Te¯on screw cap, agitated using a vortex mixer (three times, 20 s each) and placed in horizontal shaker for equilibration. Studies with these herbicides on a variety of US soils in our laboratory showed that these herbicides were rapidly sorbed, and that there was no change in solution concentration after a 16-h equilibration. Therefore, the soil:herbicide solution mixtures were equilibrated for 24 h. The soil slurries were centrifuged for 30 min at 500 g and 1-mL aliquots of supernatant transferred to an 8-mL scintillation vial. ) and f oc is the fraction of OC in the soil.
Data analysis
Kd and Koc values were analysed by ANOVA, so that dierences among herbicides in each soil and among soils for each herbicide were determined. Pearson correlation coecients between sorption coecients and soil properties were estimated for each herbicide. Linear regressions between Kd and soil OC content were obtained using the statistical package SigmaStatSigmaPlot (Sigmaplot Scienti®c Graphing Software, 1993).
Results and discussion
Sorption
No signi®cant correlation was found among sorption coecients of any of the nine herbicides and silt or sand contents (data not shown). In general, sorption on the six soils was greatest for non-ionizable and weak base herbicides (Fig. 1) . Alachlor had the highest sorption as compared with the other herbicides studied in two soils (LR-LN and AQ-MC). In three out of four other soils, it was the second most sorbed herbicide. Alachlor Kd values were signi®cantly correlated to soil OC content ( Fig. 2 and Table 3 ). Where signi®cant (P < 0.05) correlations between Kd and OC were found, regression equations to predict Kd are given in Table 3 . The values of sorption coecients obtained, Kd ranged from 0.53 to 5.51 and Koc from 74 to 150 (Figs 1 and 3) , are similar to those compiled by Chesters et al. (1989) (Kd 0.51±13) and are within the range of variation cited by Ahrens (1994) (Koc 43±209) for non-tropical soils.
Sorption of the weak base herbicides, atrazine, simazine and hexazinone, was also signi®cantly correlated to soil OC. Although triazine sorption has been shown to be aected by soil pH, the pH of ®ve of the six soils in the present study ranged from 4.3 to 4.8, which would not be a sucient range to show potential eects. Atrazine had the highest Kd (range of 0.51±10.53) ( Fig. 1) and Koc (61±280) (Fig. 3 ) in four out of six soils. The lowest atrazine Kd values were found for AQ soils from TreÃ s Marias (AQ-TM) and Mocambinho (AQ-MC); however, the third AQ soil (AQ-VN) had the highest Kd value (Fig. 1) , which further suggests the in¯uence of the high OC content in this soil; the three soils in class AQ had similar Koc values (Fig. 3) . The AQ soil Koc values, however, were lower than those observed for PV-VC Ë and LR-CP. Average sorption coecients compiled by Ahrens (1994) for atrazine in non-tropical soils varied between 0.28 and 2.46 L kg ±1 for Kd and 39±157 L kg ±1 for Koc.
Sorption of simazine on the six soils was less than for atrazine. Except for soil PV-VC Ë (Koc 116), Koc values <97 were obtained in soils (Fig. 3) , and these values were lower than average values cited by the compilations of Ahrens (1994) (Koc 103±152), Hassink et al. (1994) (Koc 105, average of 240 published values) and Flury (1996) (Koc 130, average of 10 experiments). In general, sorption of hexazinone was also low (Kd < 1.60 L kg ±1 , range 0.13±1.58), and primarily in¯uenced by variation in soil OC (r 0.943) (Table 3 and Fig. 2) , which explains the lowest Kd values found in soils AQ-MC and AQ-TM (Fig. 1) and the more uniform Koc values among dierent soils (Fig. 3) .
In general, sorption of weak acid herbicides was less than sorption of non-ionizable or weak base herbicides. Dicamba sorption was very low (Kd 0.07±0.52, Koc 7±34) with highest Kd in soil AQ-VN and lowest in soils AQ-MC and AQ-TM (Figs 1 and 3 ). Dicamba's Kd correlates signi®cantly to soil OC (Table 3 and Fig. 2 ), but the variation in OC was less important for sorption than it was for triazines and alachlor (Fig. 2) . The similarity among Koc values for dierent soils (Fig. 3) emphasizes the fact that sorption of this herbicide also was primarily controlled by soil OC in low pH soils. However, it should be remembered that pH can have an eect; the greatest Koc value was in AQ-MC, the soil with the lowest OC content, but which had the lowest pH.
For sulfonylureas, the sorption order was sulfometuron-methyl > nicosulfuron > metsulfuron-methyl for all soils for Kd (Fig. 1) , and in ®ve of the six soils for Koc (Fig. 3) . While the sorption order was inversely related to pKa (sulfometuron-methyl, 5.2; nicosulfuron, 4.6; metsulfuron-methyl, 3.3), sorption was not correlated to pH because of the low pH levels of ®ve of the six soils. Although the correlation between Kd and OC is signi®cant only for sulfometuron-methyl and metsulfuron-methyl (Table 3) , the magnitude of in¯uence of OC on Kd variation is small, similar to other weak acid herbicides (Fig. 1) . Almost all Kd values (sulfometuron-methyl, 0.14±1.18; nicosulfuron, 0.14±1.38; metsulfuron-methyl, 0.09±1.27) and Koc values (sulfometuron-methyl, 16±50; nicosulfuron, 5±39; metsulfuron-methyl, 4±33) found for Brazilian soils are signi®cantly lower than those reported for non-tropical soils for nicosulfuron (Kd 0.97±2.15 and Koc 87±112 respectively) (Gonzalez & Ukrainczyk, 1996) ) (Wauchope et al., 1992) . Sorption of imazethapyr to Brazilian soils was very low. Kd values (range of 0.08±0.76) were some of the lowest among all herbicides, except for soils LR-CP and LR-LN (Fig. 1) . Estimated Koc values for imazethapyr are shown in Fig. 3 only for comparison purposes with all other herbicides, in spite of a lack of correlation between Kd and soil OC for imazethapyr (Table 3) . It is interesting to notice that, although imidazolinone sorption increases with soil acidity (decreased pH), the highest Kd values for imazethapyr were found in those soils with the highest pH, LR-LN and LR-CP (Fig. 1) . These two soils have a mineralogy distinct from all other soils, mainly composed of clay minerals derived from basalt, which suggests that mineralogical composition is an important factor in¯uencing sorption, especially when the sorption of the molecules is poorly correlated to soil OC.
Leaching potential assessment
To rank herbicides in relation to their leaching potential, the ground-water ubiquity score (GUS) (Gustafson, 1989) has been used: GUS log t 1a2 4 À log K oc where GUS represents a dimensionless index, t 1/2 is the herbicide half-life in soil and Koc is the sorption coecient normalized to soil organic carbon content. Herbicides with GUS < 1.8 are ranked as non-leachers, whereas chemicals with GUS > 2.8 represent leachers. Those with GUS between 1.8 and 2.8 are considered transitional. Using Koc values from these six soils and appropriate GUS values, calculated t 1/2 -values that would rank these herbicides as leachers, nonleachers, or transitional (Fig. 4) were compared with available t 1/2 -values to determine leaching potentials. Because there were very few published t 1/2 -values for these herbicides in tropical soils, it was also necessary to use non-tropical t 1/2 -values.
An alachlor t 1/2 < 7 d would rank it as a non-leacher in all soils. However, compiling data from 22 experiments, Flury (1996) , concluded that the average t 1/2 for alachlor in the ®eld is 15 d. In this case, alachlor would be ranked as transitional in relation to leaching potential, in all soils. Only if t 1/2 > 20.6 d would it be ranked as a leacher in at least one of the soils considered in this study (Fig. 4) .
Although atrazine sorption was greater than sorption of the other herbicides, using t 1/2 for two soils from SaÄ o Paulo (55 d) (Nakagawa et al., 1995) , the GUS rates atrazine as a leacher in all soils, except LR-CP (Fig. 4) . Even though atrazine ®eld t 1/2 can be reduced with increasing soil acidity (Walker & Blacklow, 1995; Nakagawa et al., 1996) , increasing temperature (Bowmer, 1991) and decreasing soil moisture (Walker & Blacklow, 1994 , it would be ranked as a non-leacher in all soils only if t 1/2 < 6.5 d.
The ®eld t 1/2 of simazine has a reported average of 60 d (Ahrens, 1994) , but the persistence may be longer in more alkaline soils, under low temperature or low soil moisture (Walker & Blacklow, 1994 . In tropical conditions, however, a shorter t 1/2 for simazine has been observed. In ®eld trials in Australia, Kookana et al. (1995) estimated simazine t 1/2 to be 28 d in a sandy soil (pH 5.3 and 0.53% OC). Recently, Blanco et al. (1997) have assumed a t 1/2 of 22 d in surface samples (0±10 cm) of a loamy-sand soil (17.3% clay, pH 5.8 and 0.69% OC) in Campinas, SP (Brazil). Considering this t 1/2 , simazine would be ranked as transitional (Fig. 4) , except for soil LR-LN, in which it would be ranked as a leacher.
Persistence of hexazinone seems to vary signi®cantly with soil type and environmental conditions; t 1/2 varied from 11 to 180 d (Gaskin & Zabkiewicz, 1986; Khan & Liang, 1989; Michael & Neary, 1993) . Ahrens (1994) considers a typical soil t 1/2 for hexazinone to be 90 d. Considering its low sorption and predicted t 1/2 , hexazinone can be considered to have a high potential for leaching. It would be considered a leacher, for all soils, if t 1/2 ³ 16.8 d (Fig. 4) .
As a result of its low sorption, dicamba t 1/2 -values > 13.6 d would result in ranking it as a leacher in all soils (Fig. 4) . Under conditions suitable to rapid degradation, dicamba t 1/2 is <14 d, but it may persist longer under conditions of low soil moisture and rainfall (Ahrens, 1994) . It has been suggested that dicamba can leach below the root activity zone in humid regions after 3±12 weeks (Ahrens, 1994) . Hahn et al. (1969) and Friesen (1965) demonstrated that dicamba moves with the water front in soil columns. These reports suggest that, if sucient dicamba degradation does not occur, dicamba is capable of moving below the rooting zone.
Sulfonylureas are degraded in soil as a result of both microbiological and chemical processes, with the latter being particularly important in acid soils (Brown, 1990; Cambon et al., 1992) . Metsulfuron-methyl, for instance, is less persistent in pH 5.5 than in pH 7 (Blair & Martin, 1988) . Few studies have determined sulfonylurea persistence in ®elds, but it is estimated that typical t 1/2 -values for sulfometuron methyl, nicosulfuron and metsulfuron are 28±30 (Harvey Fig. 4 Estimated half-lives (t 1/2 ) of alachlor, atrazine, dicamba, hexazinone, imazethapyr, metsulfuron-methyl, nicosulfuron, simazine and sulfometuron-methyl that would rank these chemicals as non-leachers (t 1/2 < lower limit) or leachers (t 1/2 > higher limit) in dierent soils, according to GUS index. et al., 1985) , 21 (Augustijn-Beckers et al., 1994) and 23±33 d (Anderson & Dulka, 1985) respectively. Even considering that sorption of sulfonylureas was low in all soils and that they persist long enough in the environment to be ranked as leachers in all soils (t 1/2 ³ 16.5 d) (Fig. 4) , there are no reports of detections of sulfonylurea herbicides in ground-water. One important point to be stressed is that the recommended rates for these herbicides are extremely low and only recently has the methodology been developed that could detect these herbicides at levels that they would be expected, if they did leach to ground-water.
Because imazethapyr sorption was not correlated to OC, the GUS leaching index was not applicable. Although imazethapyr was one of the least sorbed among herbicides in this study, the greatest proportion of imazethapyr (>90%) remained in the top 10 cm of soil in column leaching studies (Flint et al., 1989; Zeleznik et al., 1992) , even under simulated rain or irrigation (Basham et al., 1987) . In contrast, leaching below the topsoil layer has been observed for its analogue, imazaquin, both in soil columns (Basham et al., 1987) , and in ®eld studies (Sorokina & Thomas, 1997) . There is evidence that leaching of these herbicides in tropical soils can be higher than previously described for soils from temperate climate. For instance, Souza (1998) detected 13% of the applied imazapyr in the leachate of 40-cm-deep clay soil columns and 34% in the leachate from clay loam soil columns after an arti®cial irrigation of 40 mm.
In summary, using Koc values obtained on these Brazilian soils and average published values of t 1/2 for these herbicides in tropical and temperate soils and climates, all the herbicides would be ranked as either leachers or transitional in all six soils. While the use of leaching indices is a valuable tool to screen potential herbicide leaching, data developed under tropical conditions are needed to better assess the leaching potential. For instance, whether these herbicides would be ranked the same using t 1/2 -values obtained in the same soils under Brazilian climatic conditions is unknown. It should also be remembered that although sorption is non-linear (Freundlich sorption isotherm slope 1/n < 1.0) for many herbicides, sorption was determined at a single common concentration. For those chemicals whose sorption is concentration-dependent, at lower concentrations in the ®eld, sorption would be greater, thereby decreasing the potential mobility. In spite of their limitations, leaching indices, such as used in this research, can be used to prioritize herbicides or chemical groups that should be evaluated in the ®eld, which is very expensive, with regard to their leaching potential.
